I
n adults with severe traumatic brain injury (TBI), increased intracranial pressure (ICP) is associated with secondary brain injury and is a strong predictor of poor neurologic outcome in this population (1, 2) . In children, it is presumed that this is equally as detrimental however, due to the anatomical differences in both cranial rigidity and subdural space, the resulting impact on intracranial compliance is uncertain. Ultimately, as with adults, in children elevated ICP in the context of traumatic brain injury can result in significant secondary ischemic injury by limiting cerebral blood flow and as a result cerebral oxygen (3, 4) .
The gold standard for monitoring intracranial pressure is by using an invasive ICP wire or external ventricular drain. Indications for the application of this device are based on clinical observations. As a guide, (i) patients who present with a post-resuscitation Glasgow coma score (GCS) of 8 or less after resuscitation, in the presence of an abnormal CT head scan or (ii) with a normal CT head but have > 2 risk factors (SBP<90 mmHg, decorticate or decerebrate posturing); (iii) patients with multiple injuries with an altered level of consciousness; (iv) patients with reduced GCS subsequent to removal of an intracranial mass are recommended to have invasive monitoring (5, 6 ). The difficulty lies in patients with GCS between 9 and 12 who may benefit from aggressive medical therapy which can only be accurately guided by invasive monitoring nevertheless, the decision to undertake these procedures can often be difficult.
Unfortunately, the traditional features that are used on computerized tomography (CT) head imaging (midline shift, basal cistern, and sulcal effacement) do not reliably predict elevated ICP (7, 8) . ICP may be highly dynamic, almost instantly changing its value from normal baseline to grossly elevated (9) .
The optic nerve sheath is continuous with the meninges of the central nervous system and is encased with the subarachnoid membrane. Cerebrospinal fluid (CSF), located in the subarachnoid space, accumulates in the optic nerve sheath thereby widening its diameter in the setting of increased ICP and limited intracranial compliance (10, 11) . Human studies have shown that this phenomenon occurs within minutes of acute changes in ICP (10) (11) (12) .
Ultrasonography of ONSD in TBI patients has been shown to correlate with increased ICP (13) (14) (15) (16) and systemic reviews have supported this observation (17, 18) . Although reliability of ONSD measurements with ultrasound has been established, an element of technical expertise is required to obtain adequate images which likely limits its ubiquitous clinical utility (19, 20) . While both MRI and CT measurements have been validated in adults (21) , there is limited evidence in children. Here, we review the referred CT scans of pediatric patients with Thirty-six patients with a mean age of 8.2 y were admitted to the PICU with a traumatic head injury and required invasive neurosurgical monitoring. The baseline clinical features are outlined in Table 1 .
The Modified Marshall scores ranged from 1-6 with a mode of 2. Specific CT features included subarachnoid hemorrhage in 69% of patients and subdural hemorrhage and extradural hemorrhage in 11 and 25% respectively. Of the extra-axial hemorrhages identified, 73% were evacuated. Petechial hemorrhages were observed in 33% of the cohort and obliteration of the basal cisterns in 36% if the cohort. Midline shift was observed in 39% ( Table 1) . Mortality was 17% both at 14 d and at 6 mo. Of those who survived 33% had a good recovery 5, 39% had moderate disability, and 11% had a poor but survivable outcome (8% severe disability, 3% vegetative state) according to the Glasgow outcome scale.
ONSD Measurements
The inter-rater agreement for ONSD measurements as defined by single-score intraclass correlation was 0.91 (95% CI: 0.85-0.94; P < 0.0001; Figure 1 ). The median ICP was 18 ± 10 mmHg (median ± IQR), the median right ONSD was 5.6 ± 2.5 mm and the left was 5.9 ± 3.2 mm. Both mean ONSD and maximum ONSD were significantly correlated with initial ICP (r = 0.712, P < 0.0001 and r = 0.713, P < 0.0001, respectively). Linear regression of ONSD against ICP, age, and sex found that only ICP was significantly associated with ONSD (P < 0.0001); there was no significant relationship between ONSD and age (P = 0.970) or sex (P = 0.340).
Area under Receiver-operating characteristic (ROC) curve for both mean and max ONSD was 0.85 (95% CI: 0.71-1.00) (Figure 2) .
The optimal threshold of mean ONSD identified by maximizing the J statistic was 6.1 mm (sensitivity 77%, specificity 91%) and the optimal threshold of maximum ONSD was 6.3 mm Articles (sensitivity 77%, specificity 87%). The threshold for 100% sensitivity for mean ONSD was 4.9 mm (specificity 26%) and for maximum ONSD was 5.2 mm (specificity 30%; Figure 3) . A linear regression of ICP against ONSD together with GCS (total or motor score only), pupillary reactivity, and imaging severity (Marshall score or separate features of basal cistern obliteration, midline shift, petechial hemorrhage, subarachnoid hemorrhage, and extra-axial hematoma) showed that only GCS motor score of 2 (P = 0.019) and ONSD (P < 0.0001) were independently associated with ICP (P > 0.1 for all other factors).
DISCUSSION
The use of invasive monitoring in children with severe traumatic brain injury is gaining momentum as a protective measure against secondary injury. In adults, it is regularly employed to provide information on brain pressures, oxygenation, and cellular metabolism. Nevertheless, in children, a decision to use invasive monitoring devices should never be taken lightly. Here, we describe data from a retrospective cohort which demonstrates a linear correlation between ONSD on the referring CT with opening ICP in critical pediatric patients with traumatic brain injury. ONSD measurements showed excellent agreement between raters. ONSD also showed excellent discriminative ability to predict patients with intracranial hypertension.
The relationship between ONSD and ICP is based on the sheath's continuity with the subarachnoid membrane (11) . ICP rises during periods of limited intracranial compensatory reserve and compliance (11) , during which CSF is redistributed to the optic nerve sheath and displaces the sheath.
The approximately linear relationship between ONSD and ICP demonstrated in our study is similar to previously published studies in adult patients using CT (22) , ultrasound (15, 16, 23) , and MRI (24) . The ability for these techniques to discriminate between elevated and acceptable ICP was dependent on the threshold for ONSD cut-off. Using ultrasound to achieve a sensitivity of 95% and a specificity of 79%, the threshold was set at 5.86 mm in adults (24) . In MRI, an improved sensitivity of 90% and a specificity of 92% was achieved with a recued threshold of 5.82 mm (24) . Finally, CT in adults demonstrated the poorest specificity. Setting the threshold at 6.0 mm, a sensitivity of 97% was achieved with a specificity of 42% affording a significantly increased risk of false positives (22) . Interesting in a pediatric population, both a high specificity and sensitivity was achieved. Although the threshold of 4.9 mm cannot be compared to that selected in adults, previous studies in normal children have declared that a limits of 4.00 mm in infants (< 1 y old) and 4.50 mm for older children should be treated as normal.
The improved sensitivity in children compared to adults could be associated with natural anatomy of the CSF spaces in these patients (25) . In children, the brain parenchyma is intimate with the cranial vault and only as the brain ages through late adolescence and early adulthood does the formation of deeper sulci allow for greater anatomical variability among patients (25) . As such, the pediatric brain is more sensitive to changes in intracranial pressure and measurements of noninvasive intracranial pressure can be reproduced with high sensitivity and specificity.
Additionally, ONSD estimation of ICP is highly dependent on normal intracranial flow dynamics (22) to allow for adequate displacement of the sheath. Following a severe TBI, CSF flow dynamics are likely to become altered, particularly in the presence of mass lesions of extra-axial hemorrhage or obstructive hydrocephalus. Again, the anatomical differences between adult and pediatric cohorts may prevent the gross variability observed in adults consequently improving the accuracy to the technique in this cohort.
Finally, as ONSD appears to be superior in predicting pathological ICP over the historical features of cisternal effacement, sulcal effacement, ventricular compression, and cerebral herniation in this pediatric cohort, it is argued that ONSD could be utilized as a predictor of intracranial hypertension to guide as a screening tool for those who may require more continuous invasive intracranial monitoring. Although our findings do not suggest a cut-off that can be applied universally across pediatric cohorts without further evaluation we have identified that where an ONSD diameter of 4.9 mm is observed, a raised ICP is unlikely. This is particularly useful in pediatric cohorts where the skull is thin and insertion of ICP monitors carries a higher risk of disrupting normal tissues (25) . Furthermore, it can also provide reassurance in patients who are not suitable for invasive monitoring coagulopathy and hypoxemic-ischemic brain injury post-cardiac arrest with concomitant use of antiplatelet or anticoagulant therapies.
The inter-observer correlation for ONSD in the present study was high. Nonetheless, even small variations between observers become important when close to the set thresholds that are identified as predictive of raised ICP. Future studies in larger cohorts are needed to examine the intra-and inter-observer variability of ONSD measurement and corresponding proportion of patients that are classified differently by independent Articles Young et al.
assessors. Simple techniques to minimize variation and misclassification might include averaging two or more repeated measurements by the same or alternative assessors. However, despite any shortcomings ONSD may still be superior to traditional indicators of raised ICP based on CT imaging (e.g., basal cistern effacement) that are typically qualitative and subject to substantial inter-observer variation (26) . An important limitation of this preliminary report is the small sample size. We did not observe a relationship between ONSD and age but this remains an important area for further study as application of this technique in pediatric TBI is crucially dependent on understanding the normal range of ONSD through child development. The patients in the present study are inherently highly selected, and therefore, the positive or negative predictive value of the thresholds reported here cannot be immediately extrapolated to the wider pediatric TBI population. Again, larger comprehensive multicenter population studies are needed to confirm the utility and validity of ONSD measurements.
The measurement of ONSD in TBI has been most regularly assessed using ultrasound (13) (14) (15) (16) . Although correlations between ICP and ONSD using this technique are strong, it is widely recognized that, an element of technical expertise is required to obtain adequate images which likely limits its ubiquitous clinical utility (19, 20) . As such, the use of CT studies to limit variability in this population may be adventageous.
Conclusion
ONSD on CT can be used as a predictor of raised intracranial pressure in pediatric head injury. Where pediatric patients present with an ONSD of over 6.1 mm following a TBI, ICP monitoring should be implemented. For values lower than 6.1 mm, there remains a considerable risk of a patient having a raised ICP and as such treatment and management should be implemented using a hollistic clinical picture.
METHODS

Patients
The data in this study were collected retrospectively from data records of pediatric severe traumatic brain injury patients admitted to Addenbrookes Hospital Pediatric Intensive Care Unit (PICU) between January 2009 and December 2013. The insertion of an intracranial monitoring device is part of routine clinical practice and as such did not require ethical approval. The data is routinely collected for clinical purposes and guides the management of patients. The analysis of data within this study for the purposes of service evaluation was approved by the Cambridge University Hospital NHS Trust, Audit and Service Evaluation Department (Ref: 2143) and did not require ethical approval nor patient consent.
Inclusion criteria were as follows: (i) Confirmed traumatic brain injury i.e. structural abnormality, confirmed on CT or MRI, (ii) severe injury or failure to demonstrate significant early clinical improvement (i.e., poor neurology on sedation hold) or an injury which required close conservative management or neurological monitoring in PICU, (iii) patients requiring invasive monitoring of ICP and ABP.
Patients were managed according to current TBI guidelines (6). Interventions were aimed at keeping ICP < 20 mm Hg using a tiered treatment protocol of positioning, sedation, muscle paralysis, moderate hyperventilation, ventriculostomy, osmotic agents, and induced hypothermia. Clinical outcome was determined using the Glasgow Outcome Scale.
Data Acquisition
Patient demographics and 6-mo follow-up data were obtained from electronic records. Serum marker levels were extracted from admission blood tests. CT findings were obtained from referring images to the Department of Neurosurgery, Addenbrookes Hospital. Information on admitting clinical features (e.g., Glasgow Coma Scale (GCS), hypotension and hypoxia) were obtained from the PICU discharge summary.
Optic Nerve Sheath Measurements
Independently, two investigators (A.Y., D.S.), not involved with data collection and blinded to the patient's condition, measured bilateral ONSD from the initial admission CT head. All CT scans were performed with a 16 section multi-detector row CT scanner (Somatom Sensation 16 scanner, Siemens, Germany). Images were acquired in spiral mode with a section thickness of 1 mm. Each observer scrolled through the images to identify the level demonstrating a visual estimation of the largest diameter. Images were displayed at a window level of 30 HU and window width of 74 HU. The image was then magnified and the ONSD on each nerve was measured using electronic calipers, once per side. The ONSD was measured as previously described by Legrand et al. (27) . Briefly, the ONSD was measured 3 mm behind the insertion of the optic nerve into the globe, perpendicular to the long axis of the optic nerve using a digital viewer (Centricity PACS, General Electric Healthcare, Chicago, IL) with an electronic caliper (Figure 4) . We calculated the mean ONSD between sides, which was used for the analysis.
Statistical Analysis
All statistical analysis was performed in R (v.3.2.0) significance was set at P < 0.05. Inter-rater reliability of ONSD measurement between investigators was quantified with the single-score intraclass correlation coefficient; agreement between investigators was assessed using a Bland-Altman plot (28) . The correlation between ONSD and ICP was evaluated with Pearson's coefficient. The performance of ONSD in predicting high opening intracranial pressure was examined by classifying the initial ICP following insertion of monitoring as high (≥20 mmHg) or low (<20 mmHg). Receiver-operating characteristic curves of patients' mean and maximum ONSD against the dichotomized initial ICP were then constructed and the area-underthe-curve (AUC) was determined. Generally, AUC > 0.8 is considered to indicate "good" performance. The optimal threshold of ONSD balancing sensitivity and specificity for predicting high ICP was calculated by maximising Youden's J statistic (29) ; the threshold for 100% sensitivity was also noted.
